Whole-cell recordings of tiger salamander ganglion cells were obtained using a superfused retinal slice preparation. Membrane current fluctuations were recorded under voltage-clamp conditions with cells usually held at Ϫ70 mV. Current fluctuations at rest (Mg 2ϩ ϭ 1 mM) were reduced by adding d-2-amino-7-phosphonoheptanoate (d-AP7). Resting fluctuations were increased by adding N-methyl-d-aspartate (NMDA) or by removing extracellular Mg 2ϩ . These increased fluctuations were blocked by d-AP7. Blocking NMDA receptors under control conditions also reduced a tonic inward current by Ϫ1 to Ϫ15 pA. Fluctuation analysis of current noise shows that the noise power spectrum measured in the presence of NMDA is similar to that measured under Mg 2ϩ -free conditions. We conclude that NMDA receptors are active in cells held at Ϫ70 mV even in the presence of 1 mM Mg 2ϩ . We believe this activation is due to the presence of endogenous glutamate in the retina. The observations of this study strongly suggest that NMDA receptors contribute to the resting noise and conductance properties of retinal ganglion cells. Our results suggest NMDA receptors are activated by an ambient level of extracellular glutamate whose source has yet to be determined.
Introduction
Excitatory neurotransmission from bipolar to ganglion cells of the retina is mediated by ionotropic glutamate receptors (Thoreson & Witkovsky, 1999) . Both NMDA and non-NMDA glutamate receptors are present on the ganglion cells of several species (Slaughter & Miller, 1983; Massey & Miller, 1988 Boos et al., 1990; Yazejian & Fain, 1992; Cohen & Miller, 1994; Zhou et al., 1994) . While the relative importance of these two receptor types in light-evoked activity is not fully understood (Coleman & Miller, 1988; Mittman et al., 1990; Massey & Miller, 1990; Diamond & Copenhagen, 1993 , 1995 Velte et al., 1998) , the NMDA receptors are typically assumed to be inactive in neurons due to the voltagedependent channel blockade by external Mg 2ϩ ions under resting physiological conditions. However, some studies have suggested that there is NMDA channel activity in neurons when the resting membrane potential is Ϫ60 to Ϫ70 mV (Sah et al., 1989) . Preliminary results in our laboratory (Gottesman & Miller, 1991) demonstrated that application of d-AP7 always led to a reduction in tonic membrane current and current noise. In the present study, we have further explored the possibility that NMDA receptors contribute to the resting conductance and baseline noise of the ganglion cells.
Methods

Preparation and superfusion
Slices of retina from larval tiger salamanders (Ambystoma tigrinum) of 8-11 inches in length were prepared as described by Gottesman and Miller (1992) . All procedures were performed in accordance with the United States Animal Welfare Act and the NIH Guide for the Care and Use of Laboratory Animals (publication #85-23) and were approved by the Animal Care Committee of the University of Minnesota. In brief, the retina was isolated and placed photoreceptor-side down on a piece of filter paper (Millipore Type GS 0.22 mm, Bedford, MA).
Retinal slices of 175-200 mm were cut and a single slice was transferred to a superfusion chamber (20-ml volume) and superfused at 300-600 ml0min with a control amphibian Ringer's solution composed of the following (in mM): NaCl 111; KCl 2.5; CaCl 2 1.8; MgCl 2 1; glucose 5; N-2-hydroxy-ethylpiperazine-N9-2-ethanesulfonic acid (HEPES) 11; pH was adjusted to 7.8 with NaOH. In these experiments, the preparation of the tissue and electrode placement for recordings were performed under bright illumination to bleach photopigments and minimize the contribution of light-evoked activity.
Whole-cell electrodes and recording
Patch electrodes were pulled using thin wall Omega-dot glass (1.2 mm o.d., 0.86 mm i.d.) on a two-stage electrode puller (Narishige PB-7, East Meadow, NY). They had tip diameters of 1-2 mm and were 8-16 MV in resistance when filled with the following solution (in mM): KCH 3 SO 4 98; NaCH 3 SO 4 3.5; MgSO 4 3; CaCl 2 1; ethylene glycol-bis( b-aminoethyl ether)-N,N,N9,N9-tetraacetic acid (EGTA) 11; HEPES 5; glucose 2; glutathione 1; ATP-Mg 2ϩ 1; and GTP-3-Na ϩ 0.5; pH adjusted to 7.4 with KOH. The preparation chamber was mounted on the stage of an upright microscope and viewed with a long working-distance objective modified for Hoffman modulation contrast. Contact with a cell was made under visual control using a video display. Recordings were made in the whole-cell patch-clamp configuration. Data were corrected for liquid junction potentials (range Ϫ3 to Ϫ7 mV). Cells that did not display good spike amplitude and repetitive spiking were not studied.
Fluctuation analysis
The membrane current, recorded under voltage-clamp, was bandpass filtered from 1.0 Hz to 500 Hz (8-pole Bessel filters), and then sampled at 2 kHz. DC current was measured via a low-pass channel (2-Hz cutoff 8-pole Bessel). Data acquisition was performed using pClamp (Axon Instruments, Union City, CA). Control noise was measured in superfusate containing 300 mM d-AP7 prior to each change to an experimental condition. Twelve 1-s samples of membrane noise (control and experimental) were analyzed after excluding any samples that contained obvious current artifacts or mEPSCs. Power spectra were calculated for each sample and then the average power spectrum was determined. The control mean power spectrum was subtracted from experimental data to yield a final power spectrum representing only d-AP7-sensitive channel activity. To speed curve fitting, data points between 11 and 500 Hz were boxcar averaged, taking the mean of every five consecutive points. The resulting mean data were fit with a Lorentzian function using the Peakfit analysis package (Systat Software, Richmond, CA). Population data are reported as the mean 6 SE.
Results
Blocking NMDA receptors reduces tonic inward current and membrane noise under resting conditions
Fig . 1A shows that ganglion cell inward DC current (I DC ) at Ϫ70 mV and in 1 mM Mg 2ϩ is significantly reduced by adding 300 mM d-AP7 (mean reduction ϭ 7.4 6 1.7 pA, n ϭ 7, P Ͻ 0.
05, two-tailed t-test).
Current variance is reduced in d-AP7, as clearly seen in the power spectra derived from fluctuation analysis (Fig. 1B) . The power spectrum in the presence of d-AP7 (diamonds) is close to a 10frequency (10f ) form characteristic of electrode noise (Stevens, 1984) . Paired comparisons of fits using 10f versus Lorentzian functions showed significantly better fits for the 10f function in all 11 cells tested (mean r 2 for the 10f fits, 0.77 6 0.05 versus mean r 2 for Lorentzian fits, 0.42 6 0.07; p Ͻ 0.
003, two tailed t-test).
Without the antagonist (triangles), the noise spectrum has greater power, and is well described by the sum of two Lorentzian functions. These two results would be expected from tonically active NMDA receptors in the presence of the voltage-dependent block of the NMDA channel by Mg 2ϩ Mayer et al., 1988) . The kinetics of Mg 2ϩ blockade are much faster than those of the channel openings and Mg 2ϩ -induced channel "flicker" is represented by the lower amplitude, high frequency-Lorentzian component.
Removing external Mg 2ϩ or adding NMDA increases DC membrane current and membrane noise
The DC membrane inward current is significantly increased in Mg 2ϩ -free solution versus 1 mM Mg 2ϩ (mean increase ϭ Ϫ13.65 6 1.63 pA, n ϭ 26, P Ͻ 0.0001, two-tailed t-test). Fig. 2 displays sample current traces and power spectra for a cell in the absence of 
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J. Gottesman and R.F. Miller external Mg 2ϩ and when NMDA is added to the superfusate. The high-frequency flicker (Fig. 1B triangles) is absent when Mg 2ϩ is absent as shown in Fig. 2B (diamonds) , where the power spectrum is now best fit by a single Lorentzian. The form of that single Lorentzian is the same as that which fits the higher amplitude fluctuations evoked by presenting 250 mM NMDA under Mg 2ϩ -free conditions (squares).
The fluctuations in Mg 2ϩ -free conditions are blocked by d-AP7, but not antagonists for non-NMDA glutamate, nicotinic acetylcholine, gamma-aminobutyric acid (GABA), and glycine channels (Fig. 2C) , and these results are most easily explained by NMDA channel activity, intrinsic to the ganglion cells, giving rise to both noise spectra in Fig. 2B .
Summary of NMDA receptor contribution to resting membrane potential and baseline noise
Current noise and steady-state current in retinal ganglion cells (at Ϫ70 mV) display (1) d-AP7 sensitivity, (2) Mg 2ϩ sensitivity, and (3) a noise spectrum in Mg 2ϩ -free solution which matches that for NMDA. These findings are all consistent with the presence of tonic NMDA channel activity at resting membrane potentials and in the presence of normal Mg 2ϩ . To assess the impact of this tonic NMDA activity on membrane potential, in six cells the DC current change produced by applying d-AP7 with the cell voltage clamped at Ϫ70 mV in the presence of 1 mM Mg 2ϩ (15, 7, 1, 4, 6, & 10 pA) was multiplied by the input resistance measured in control Ringer's after obtaining the whole-cell configuration (via a 5-pA hyperpolarizing current pulse: 0.97, 2.8, 1.3, 0.58,1.3, & 0.98 GV). The depolarization resulting from the tonic NMDA conductance estimated in this way was 9.25 6 2.9 mV.
Discussion
The results of this study indicate that ganglion cells in the salamander retinal slice preparation are influenced by tonic activity of NMDA receptors. This continuous background activation of NMDA receptors is present at the normal resting membrane potential (;Ϫ70 mV) and when the Mg 2ϩ in the bathing solution is 1 mM. Tonic NMDA receptor activity contributes to the resting excitability of the cell and completely dominates the baseline noise.
Application of the specific NMDA antagonist d-AP7 results in a statistically significant reduction of both the tonic DC current and current variance of cells voltage-clamped at Ϫ70 mV. When external Mg 2ϩ is present, the form of the noise spectrum under resting conditions is well described by a dual Lorentzian, consistent with NMDA channels flickering in response to Mg 2ϩ blockade Mayer et al., 1988) . This result is similar to that of hippocampal CA1 pyramidal neurons (Sah et al., 1989) , although that report did not show the effect of d-AP7 when it was applied under normal Mg 2ϩ and membrane potentials more negative than Ϫ40 mV.
The absence of a Lorentzian noise spectrum when d-AP7 is applied could be taken as evidence that there is no other tonic channel activity in ganglion cells held at Ϫ70 mV since the experiments in 1 mM Mg 2ϩ were carried out without any pharmacological blockade of voltage-gated, non-NMDA glutamate or inhibitory channels. However, at the holding potential of Ϫ70 mV, while we would not expect voltage-gated channels to be active, ligand-gated channels certainly could be expected to contribute.
Non-NMDA glutamate channel noise might not be seen for two reasons. These channels have a small single-channel conductance (2-8 pS: reviewed by Sansom & Usherwood, 1990; Dingledine et al., 1999) , resulting in low noise power below the detection limit for our fluctuation analysis. Second, if the tissue has a low level of endogenous glutamate, one would expect a relative lack of kainic acid0AMPA channel activity given the much higher affinity of glutamate for NMDA versus non-NMDA binding sites (Olverman et al., 1984; Ascher et al., 1986) .
If the endogenous levels of GABA or glycine were similar to glutamate, tonic inhibitory channel activity would be expected. Since the single-channel conductance for these channels is in the 20-40 pS range (Macdonald & Olsen, 1994) , our measurement technique is capable of detecting noise contributed by these channels. However, the chloride equilibrium potential for our solutions was approximately Ϫ100 mV, resulting in a driving force for the inhibitory Cl Ϫ channels that is less than half that of the NMDA channels at the holding potential of Ϫ70 mV. This would result in a lower noise power that might be below our ability to detect. Finally, total noise power is a function of the total number of channels in the recorded cells and the lack of inhibitory channel noise might reflect the presence of fewer of these channels on ganglion cells as compared to NMDA channels.
Our average NMDA single-channel conductance calculated from fluctuation analysis (0 Mg 2ϩ , 16.6 6 2.5 pS n ϭ 13) is similar to results found by other groups: 22-40 pS in dissociated cells and 9 pS in hippocampal slice (Sah et al., 1989) . This was lower than that obtained from direct singlechannel measurements in patch recordings (40-50 pS; reviewed in Sansom & Usherwood, 1990 ). These differences may reflect real conductance differences between patch and whole-cell conditions. suggested that the contribution of NMDA channel subconductance states may be greater in intact tissue, which would bias the single-channel conductance values obtained by noise analysis to smaller values. Gottesman and Miller (1992, Fig. 3 ) demonstrated that salamander ganglion cell NMDA channels display a negative slope conductance at membrane potentials below Ϫ40 to Ϫ50 mV that results from voltage-dependent Mg 2ϩ blockage of the channel. The experiments reported here show that the Mg 2ϩ block of some or all ganglion cell NMDA receptors is incomplete at 1 mM Mg 2ϩ and Ϫ70 mV. The specific NMDA subunits comprising salamander ganglion cell channels have not been identified, but our data would suggest that they include NR2C or NR2D subunits, which have been shown to have reduced voltage dependence to their Mg 2ϩ block than other subunits (Monyer et al., 1992 (Monyer et al., , 1994 Ishii et al., 1993; Kuner & Schoepfer, 1996) .
An important question is what is the source (or sources) of the agonist which drives this background NMDA channel activity? It is not the result of exogenous contamination of the preparation, because analysis of our superfusate by high-pressure liquid chromatography (HPLC) detected no glutamate (Ͻ200 nM, Gottesman & Miller, 1992) and the d-AP7-sensitive noise is present in retinal slices that have not been exposed to any exogenous agonist. The candidate retinal sources are neurons and0or Müller cells, and in either case vesicular or nonvesicular release mechanisms could contribute. The slice preparation may also possess an altered microenvironment for the ganglion cells in which the access of glutamate to receptors or the removal of glutamate from the extracellular space is changed. It remains to be determined what the level of endogenous glutamate is in this preparation and how it compares to levels present in vivo. However, estimates from HPLC have indicated levels of glutamate in the superfused retinal eyecup to be in the range of 1-2 mM (R.F. Miller, unpublished data).
The presence of an NMDA conductance under resting conditions in retinal ganglion cells is a new finding with implications for the role of this channel in potential control of tonic resting Ca 2ϩ and other processes. It demonstrates that the NMDA channel is not fully blocked at rest, at least not for ganglion cells.
Our results emphasize and elevate the role of NMDA receptors in their contribution to neuronal function. While NMDA receptors have been shown to be active in the light-evoked responses of retinal ganglion cells, our findings clearly indicate that NMDA receptors contribute to the baseline noise and provide a continuous inward current under the resting conditions of our experiments. How significant is this NMDA contribution? As indicated in the Results, the NMDA conductance (when voltage-clamped at Ϫ70 mV and in normal Mg 2ϩ ) was estimated to depolarize ganglion cells by approximately 9 mV, bringing the cells closer to spike threshold. Because retinal ganglion cells often have resting potentials more depolarized than Ϫ70 mV (Coleman & Miller, 1989) , the baseline NMDA activity observed in this study could be greater under physiological conditions. The large number of endogenous agents which modulate NMDA channel physiology (see Dingledine et al., 1999 for a review) may now also be thought of as a means to modulate the level of tonic NMDA channel activity at rest and thus affect the excitability of these cells. It is obvious that glutamate-uptake mechanisms will influence the role of NMDA receptors by affecting the ambient level of transmitter present in the tissue. Finally, changes in the NMDA receptor molecule heteromer expressed in cells in development or as a result of experience (Myers et al., 1999) are a further means to regulate the function of these channels.
